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Editor: Michael T. Dunn
Premise of research. Climatically favorable conditions correspond with fossil evidence for dramatic Ordo-
vician marine biodiversification, but coeval terrestrial biodiversity is less well understood. Although diverse
Middle and Late Ordovician microfossils are interpreted as reproductive remains of early bryophyte-like land
plants (consistent with molecular data indicating pre-Ordovician embryophyte origin), the vegetative structure
of Ordovician plants remains mysterious, as do relationships to modern groups. Because distinctive fungal
microfossils indicating land plant presence were previously reported from Ordovician carbonate deposits in
Wisconsin, we examined another nearby outcrop for additional evidence of terrestrial biodiversification.
Methodology. Replicate collections were made from well-understood 455–454 Ma Platteville Formation
carbonates of relatively low porosity and hydraulic conductivity. We employed measures to avoid contamina-
tion, and organic remains extracted by acid maceration were characterized by light and scanning electron mi-
croscopy and energy-dispersive X-ray spectroscopy.
Pivotal results. Multicellular organic fragments displayed distinctive cellular features shared with modern
vegetative peat mosses but differed from modern materials, e.g., fossil presence of mineral coatings, absence of
epibionts. Biometric features of mosslike microfossils isolated from carbonates collected and macerated 12 yr
apart by separate investigators did not differ. Putative peat moss remains occurred with foraminifera similar in
frequency and thermal maturity to types previously described from the same formation. No diatoms, pollen,
or other indicators of post-Ordovician environments were observed.
Conclusions. The peat moss–like fragments described here are the oldest-known vegetative remains of
land plants and the oldest fossils having distinctive features linking them to a modern plant group. These
findings are consistent with peat moss recalcitrance properties that foster fossilization and molecular evidence
that the peat moss lineage is 460–607 Ma of age. The new findings suggest that moss-dominated peatlands—
recognized for globally significant roles in modern terrestrial biodiversity and C and N cycling—were present
hundreds of millions of years earlier than previously thought.
Keywords: carbonate, Ordovician, peat moss, Sphagnopsida, Sphagnum, vegetative microfossil.
The Middle Ordovician through pre-Hirnantian (Katian)
Late Ordovician, 470–445 Ma, was a time of mild climate
corresponding to fossil evidence for dramatic biodiversifica-
tion in marine habitats; ∂18O apatite analyses including both
Laurentian and Gondwanan samples indicate that sea surface
temperatures of the Middle Ordovician through the Katian
Age resembled those of modern equatorial regions (Trotter
et al. 2008). Although the pre-Hirnantian Ordovician is asso-
ciated with high sea levels, periods of marine regression and ter-
rane exposure occurred (Ross and Ross 1995; Nielsen 2004).
Ordovician oceanic islands are postulated to have been sites of
evolution and dispersal, paths of migration, or centers for evo-
lution of new taxa (Cocks and Torsvik 2004).
These observations suggest that land biota might likewise
have diversified during much of the Ordovician, fostered by
warm temperatures, high humidity, and atmospheric CO2 levels
estimated to have been 8–18 times present levels (Barnes 2004).
Evidence for a widespread flora includes diverse Middle-Late
Ordovician microfossils from multiple locations that have been
interpretedas the reproductive remains—spores andputative spo-
rangial epidermis—of early bryophyte-like land plants (Strother
et al. 1996; Wellman et al. 2003, 2015; Steemans et al. 2009;
Rubinstein et al. 2010). An Ordovician terrestrial flora predat-
ing the presence of vascular plants is also indicated by carbon
isotopic studies (Tomescu et al. 2009). A diversifying Ordovi-
cian land flora is consistent with molecular diversification stud-
ies (i.e., molecular clock or timescale analyses) indicating pre-
Ordovician origin of stem embryophytes (e.g., Clarke et al.
2011) and an age of 460–607Ma (by at least the Early Ordovi-
cian) for ancestors of the early-diverging extant moss genera
Sphagnum and Takakia (Laenen et al. 2014).
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Even so, the vegetative structure of Ordovician plants rep-
resented by reproductive microfossils remains mysterious, as
do relationships to modern groups. Understanding more about
the vegetative structure and relationships of Ordovician land
plants would aid comprehension of their biogeochemical im-
pacts, such as potential to sequester carbon, interact with early
terrestrial herbivores, and form associations with microorgan-
isms that play important roles in Earth’s N, P, and C cycles.
Recent metagenomic analyses suggest that earliest land plants
might have inherited from ancestral streptophyte green algae
tendencies to engage in symbiotic relationships with N-fixing
cyanobacteria and rhizobialeans, early-diverging fungi, and other
biogeochemically significant biota of ancient lineage (Knack et al.
2015).
Previous absence of reports of recognizable vegetative re-
mains of plants from the Ordovician and earlier fossil record
is commonly attributed to lack of microbial resistance suffi-
cient to leave fossil remains. Modern bryophytes, commonly
used as models of ancient land plants, are widely assumed to
lack substantial levels of degradation-resistant materials such
as lignin. On the other hand, comparisons of hydrolysis resis-
tance among vegetative (and reproductive) tissues of modern
bryophytes revealed thatmosses—including the early-diverging
genera Sphagnum, Polytrichum, and Andreaea—display diag-
nostic vegetative structure having high recalcitrance, attributed
to degradation-resistant phenolic cell wall polymers inherited
from algal ancestors (Kroken et al. 1996; Graham et al. 2004).
This concept is consistent with reports that late-diverging
streptophyte algae such as Coleochaete produce small amounts
of lignin or lignin-like polymers (Delwiche et al. 1989; Sørensen
et al. 2011). Hydrolysis studies indicate that distinctive bryo-
phyte vegetative structure can be as resistant to hydrofluoric
acid extractive treatments as are sporopollenin-walled plant
spores and thus in theory as likely to persist in the ancient geo-
logical record (Kroken et al. 1996). Such observations—together
with molecular evidence for Ordovician (or earlier) age of moss
lineages that display distinctive vegetative structure (Laenen
et al. 2014)—justify examining Ordovician deposits for vege-
tative remains of early mosslike land plants.
Distinctive fungal microfossils interpreted as glomalean re-
mains had previously been reported from 460–455 Ma Ordo-
vician carbonates (Guttenberg Formation, Wisconsin; Redecker
et al. 2000). Such remains are consistent with fungal diversifi-
cation time analyses indicating that the glomalean lineage orig-
inated prior to 500 Ma (Parfrey et al. 2011; Chang et al. 2015).
Because modern glomalean fungi are commonly associated
with plant partners, including bryophytes (Redecker and Schüs-
sler 2014), and glomalean partnerships have so far not been
documented for streptophyte algae (Knack et al. 2015), the
Ordovician glomalean remains suggest that early land plants
might have co-occurred at this time. Consequently, we exam-
ined a nearby carbonate outcrop of similar age for additional
evidence of terrestrial biodiversification.
Material and Methods
Replicate collections were made from 455–454 Ma Platte-
ville Formation dolomitized carbonates, Sinnipee Group, Dane
County, Wisconsin. Stratigraphy and sedimentology of the
Sinnipee Group carbonates are well understood (Choi 1998).
Platteville carbonates are considered to have been deposited in
a transgressing sea in a quiet subtidal marine environment of
normal salinity on a shallow shelf in deeper water than shore-
ward facies of the underlying St. Peter Sandstone; the unit dis-
plays no exposure indicators or stromatolites; faunal elements
include sessile brachiopods, echinoderms, cephalopods, and gas-
tropods (Mossler 1985). Protistan elements of thePlatteville For-
mation of Illinois are reported to include a variety of chambered
and globular agglutinated foraminifera having tests with bound
siliceous particles (Gutschick 1986).
The time and process of dolomitization have been contro-
versial, with the most recent study arguing the case for a hy-
drothermal event centered in the Michigan Basin during the
late Devonian–Mississippian (Luczaj 2006). On the basis of
Platteville carbonates sampled along an 80-mi transect that
included the area relevant to this study, Deininger (1964) de-
fined a discrete boundary between fine-grained limestones ly-
ing to the west and nearby deposits in which !10% to 100%
of the carbonate was patchily dolomitized to the east. Ac-
cording to figure 1 of Deininger (1964), the location sampled
in this study lies near that boundary and thus near the bound-
ary of the dolomitization process. Wisconsin Ordovician car-
bonates display relatively low matrix porosity (1.8%–7.7%)
as well as low horizontal hydraulic conductivity (Batten et al.
1999). Total organic carbon percentages in 11 Middle Ordovi-
cian Platteville Formation carbonates sampled from Iowa ranged
from 0.38% to 1.99% (all samples !2%; Pancost et al. 1998).
Although carbonates (and particularly dolomitic carbonates,
in view of potential recrystallization effects on organic micro-
fossils) may not yield concentrated plant remains, important
organic microfossils have been reported from carbonates, in-
cluding dolomites (e.g., Campbell 1980; Blome and Albert 1985;
Westphal and Munnecke 1997; Redecker et al. 2000). Yin et al.
(2015), for example, reported finding a single fossil interpreted
as an early sponge in 600 Ma dolostones, a finding consistent
with molecular inference of sponge evolutionary history. This
and other examples indicate that taxonomically distinct micro-
fossils can be obtained from carbonates, including dolostones,
even though organic remains may be comparatively rare in such
matrices.
Sampling Location and Process
Five samples of ∼1 kg each were taken in 2000 and 36 of
similar size were taken in 2012 from an outcrop on the south
side of County Road J near its junction with Country High-
way P, northeast of the town of Mt. Horeb, Dane County,
Wisconsin (14372ʹ44.4600, 289739ʹ25.8900; site 10[PB] of Choi
1998). Collection required a vertical rock climb of ∼2 m to
reach Platteville carbonates lying above St. Peter sandstones
(Byers and Stasko 1978). The surface was forested. Immedi-
ately after collection, samples were enclosed within new gallon-
size zip-lock plastic bags. Nomodern peat mosses were observed
in the area, which was largely under cultivation.
The outcrop sampled in this study lies ∼50 km from the
present Baraboo Range, a National Natural Landmark whose
weathering-resistant Proterozoic quartzites are an estimated
1.6 Ga of age and thought to have been exposed throughout
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the Ordovician (Dott and Attig 2004). During the Ordovi-
cian, Laurentia remained in a transequatorial location, with
little rotation. Althoughmuch of Laurentia was covered by shal-
low epicontinental seas and surrounded by the Iapetus Ocean
and the Panthalassic Ocean during much of the Ordovician
(Cocks and Torsvik 2011; Jin et al. 2013), the Baraboo Range
represents a potential source of Ordovician terrestrial materials
that might have been transported to nearshore sediments by
streams and/or wind.
Microfossil Extraction
Six carbonate samples (∼1 kg each), none of which had
cracks or showed evidence for bioturbation, were macerated
in HCl according to protocols described in Redecker et al.
(2000). Bulk acid maceration is widely used to extract remains
from carbonate and other mineral matrices (e.g., Gutschick
1986; Hübers and Kerp 2012; Yin et al. 2015). Macerations
were performed within a modern chemical hood whose work-
ing surface was covered with new plastic-backed absorbent pa-
per. Carbonate samples were first rinsedwith distilledwater and
then submerged in concentratedHCl in newplastic containers to
remove the outermost layer of carbonate, which was discarded
to eliminate surface contamination. The remaining core was
macerated in new plastic containers using fresh concentrated
HCl, then neutralized, and remains were washed using distilled
water until a pH of 5–6 was reached. Following the washing
procedure, remains were kept covered to prevent entry of exog-
enous materials except during the microfossil picking process.
Macerates from samples collected in 2000 were surveyed
using a stereomicroscope, and pulled new glass micropipettes
were used to extract individual organic remains. During the
pulling process, pipette glass is heated to the molten condi-
tion, which burns off potential adherent organics. Multicellu-
lar irregularly shaped scraps 1100 mm in size that resembled
vegetative parts of modern peat mosses were found after mac-
erations conducted in 2000, so macerates from samples col-
lected and processed in 2012 were generally first partitioned
using a 90-µm brass sieve (that had been washed multiple times
with nanopore-filtered water and dried) before discarding flow-
through and isolating organic microfossils with the use of a ste-
reomicroscope and micropipettes. The purpose of the sieving
process was to concentrate multicellular remains, making them
easier to detect. To survey for all remains, some macerates from
2012 were examined without having been sieved.
Some of the 2012 sieved macerations yielded multiple mul-
ticellular organic microfossils. In acid macerates that had not
been sieved, similar multicellular organic remains were ob-
served together with microfossils similar in size and test struc-
ture to foraminifera that had previously been described from
Platteville carbonates after HCl maceration (Gutschick 1986).
Foraminifera were picked up with micropipettes and trans-
ferred to glass slides for imaging with bright-field microscopy
to assess color for inference of thermal maturity using the Fo-
raminiferal Colouration Index (McNeil et al. 1996). In imaging
putative foraminifera, filters that might have influenced color
were not employed.
Acid macerates that were not sieved also contained (in addi-
tion to multicellular scraps and foraminifera) spherical or sub-
sphericalunicellular remainswhosediameters indicatedeukaryotic
affinity but that lacked definitive structural features (acritarchs).
Such remains were imaged with an environmental scanning elec-
tron microscope (ESEM; FEI Quanta 200 ESEM, Department of
Botany, University ofWisconsin–Madison) without fixation, de-
hydration, or metal coating of specimens.
Imaging of Multicellular Fragments
Multicellular fragments from unsieved 2000 and sieved 2012
macerates were imaged in bright-field microscopy, and sieved
2012materials were further imaged in UV andV excitationwith
a Zeiss Axioplan fluorescence microscope equipped with UV fil-
ter G365 FT395 LP420 and violet filter 395-440 FT460 LP470
(Carl Zeiss Microscopy). For comparison, fresh vegetative frag-
ments of a modern peat moss and two herbarium specimens of
1150 yr of age were imaged with the same instrument and fluo-
rescence excitation. Freshmaterialswere harvested in 2014 from
Sphagnum fimbriatum occurring in a Patagonian bog located on
Navarino Island, Chile, and stored in an illuminated chamber at
47C prior to imaging. The Wisconsin State Herbarium (WIS)
provided specimens of Sphagnum squarrosum and Sphagnum
wulfianum, collected by I. A. Lapham from Iron County, Wis-
consin, in 1858. Digital bright-field or fluorescence images were
recorded with the use of a Nikon D300s digital camera and
Camera Control Pro software (Nikon, Melville, NY) using no
brightness or other image adjustments. The open-source image
analysis program GIMP (GNU Image Manipulator Program;
http://www.gimp.org) was used to acquire measurements of cell
dimensions and counts of cell wall features of multicellular frag-
ments extracted in 2000 and 2012. Student’s t-test was used
to assess the degree to which cellular features of multicellular
microfossils extracted in 2000 and 2012 were similar.
Six of the multicellular fragmentary microfossils extracted
in 2012 were attached to SEM stubs using carbon tape and
then coated with iridium before examination using a Hitachi
S-4800 ultra-high-resolution cold cathode field emission SEM
operated at 5 kV, at the University of Wisconsin–Milwaukee
Electron Microscopy Laboratory. Energy-dispersive X-ray spec-
troscopy (EDS) was performed at the same facility on the same
microfossil materials; C, Si, Ca, O, Cl, Fe, Na, K, and P distri-
butions were mapped.
Control Procedures
To test the possibility that airborne contamination with
modernmaterials might have occurred in the chemical hood dur-
ing the maceration process (when samples could not be tightly
covered), replicate glass slides bearing drops of immersion oil
were placedwithin the chemical hood and left for periods ranging
up to 3 mo and then examined with the use of a compound mi-
croscope for presence of structures similar to microfossils. Sam-
ples from the distilled water supply used to neutralize extracted
sedimentary materials were likewise examined using a com-
pound microscope. Although fibers and other microscopic ob-
jects were observed, no structures recognizable as organic mi-
crofossils were found in immersion oil traps or water samples.
No living peat moss or peat was present in the laboratory during
macerations, which were performed during the cold season, re-
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ducing the likelihood that airborne contamination from natural
environments might have occurred. During the processes of mi-
crofossil picking and examination of materials by subsequent
light or scanning electron microscopy, a search was made for
diatoms, pollen, polysporangiate plant remains, or other post-
Ordovician indicators; none was observed.
Modern materials were used to assess features expected to
distinguish them from multicellular microfossils. Surfaces of
fresh S. fimbriatum collected from a bog on Navarino Island,
Chile, in 2014 that had been stored at 47C in light until pro-
cessing for SEM (fixed in glutaraldehyde, dehydrated in an
ethanol series, critical-point dried, and metal coated) were ex-
amined with the same instrument used to examine multicellu-
lar microfossils for surfacematerials such as Si particles and iron
typical of marine sediment samples (but not fresh peat mosses).
Samples of commercial peat were used to assess the possibility
that the multicellular microfossils might represent peat contam-
ination; commercial peat samples were first treatedwith concen-
tratedHCl for several days tomimic themaceration process and
period and then examined with light microscopy to assess color
and morphology.
Archiving
Permanent slides of representative multicellular microfossils
extracted in 2012 and mounted in new Permount Mounting
Medium (Fisher Scientific, Fair Lawn, NJ) were archived in the
University of Wisconsin–Madison Geology Museum (app. A).
Results
We report here that 455–454 Ma Ordovician carbonates
contained multicellular organic fragments that shared distinc-
tive cellular features with modern vegetative peat mosses (Sphag-
nopsida). Dimensions of cellular features of peat moss–like mi-
crofossils isolated 12 yr apart by separate investigators did not
statistically differ. The peat moss–like microfossils differed from
modern materials in several expected ways (e.g., presence on
surfaces of microfossils but not modern fresh peat moss, of
silica-rich particles and iron, and lack of evidence in or on fossils
for epibionts that are common for modern materials) and oc-
curred with foraminifera of early types that had previously been
described from the same formation and in the same concentra-
tion. Although additional remains interpreted as acritarchs were
found, no diatoms, pollen, polysporangiate plant fragments, or
other indicators of post-Ordovician environments were ob-
served, indicating absence of intrusive contamination from later
time periods.
Concentration and Structural Features
of Multicellular Fragments
Multicellular fragments were found in sparse numbers; fewer
than 20 were obtained from two rock samples of approximately
1 kg mass each, and no multicellular fragments were found in
four similar rock samples. The overall frequency of multicellu-
lar fragments in macerated rock samples was ∼2–3/kg. At least
10 of the multicellular fragments were colorless, irregularly
shaped, monostromatic sheets that displayed features distinc-
tive for leaves of modern peat mosses (figs. 1A, B1A–B1F,
B3A). Two multicellular fragments displayed features distinc-
tive for stems of modern peat mosses (figs. 1C, B1G). (Although
moss leaves and stems, lacking specialized lignin-reinforced vas-
cular tissues, are not considered true leaves and stems homolo-
gous to those of vascular land plants, such terminology is com-
monly used to describe moss morphology.)
Most of the peat moss–like multicellular microfossils were
flat or partially crumpled monostromatic sheets that displayed
cells of two structural types occurring in polygonal arrays.
The larger cell type possessed distinctive wall pores and several
complete or partial ringlike cell wall thickenings similar in size
and number to annular fibrils that occur in the walls of hyaline
cells typical of modern peat moss leaves (figs. 1A, 1B, B3, B4).
Statistical analysis indicated no significant differences in larger
cell length or width, number of ringlike wall thickenings or
pores, or pore width in multicellular fragments collected in
the years 2000 and 2012 (table 1). The larger cell type lacked
evidence for cell contents or epibiontic microorganisms. The
smaller cell type occasionally displayed one or a few intracellu-
lar spherical structures of unidentified nature.
Multicellular microfossils resembling fragments of modern
peat moss stems appeared to be flattened cylinders having a
yellowish central region surrounded by colorless cells. Cell walls
of the outer colorless cells were ornamented with narrow mark-
ings having a spiral pattern (figs. fig. 1C, 1D, B1G). Colorless
monostromatic appendages resembling leaf bases extended from
flattened cylinders (fig. 1C). Comparative LM observations of
commercial dried Sphagnum peat samples that had been treated
with concentrated HCl retained the original deep brown color
and occurred as relatively large crumpled pieces of leaf-bearing
stems; pale leaf or stem fragments similar to those obtained from
macerates were not observed (fig. B2).
Fluorescence microscopy revealed that cell walls of leaflike
and stemlike multicellular fragments extracted from carbo-
nates autofluoresced relatively pale blue-white under UV exci-
tation (fig. B3A) and yellow-green in violet excitation (fig. B3B).
Such fluorescence was similar in color but somewhat paler than
that displayed by fresh, similarly structured vegetative modern
peat mosses imaged with the same equipment (fig. B3C, B3D);
fluorescence of similar quality and intensity to fossils was ob-
served for old (1150 yr) herbarium specimens of two Sphag-
num species (fig. B3E–B3H ).
SEM revealed that surfaces of multicellular fragments ex-
tracted from carbonates bore many small, irregularly shaped
particles that had remained attached through maceration and
washing procedures (see fig. 1B). By contrast, particulates were
notably sparse on surfaces of natural collections of modern peat
mosses similarly processed for and imaged by SEM (fig. B4).
Epibiontic microbiota characteristics for modern peat mosses,
commonly located within larger diameter porose cells (figs. B3C,
B3D, B4), were absent from multicellular microfossils (figs. 1A,
1B, B1B–B1F ).
Carbon EDS maps of multicellular fragments extracted from
carbonates corresponded with microfossil surfaces and some of
the adherent particles (fig. 2A). Silicon mapped with the major-
ity of surface particles observed on microfossil surfaces (fig. 2B).
Ironwasmore or less homogeneously distributed across surfaces
of multicellular fragments (fig. 2C). Oxygen and phosphorus
maps matched the carbon pattern, while calcium, chlorine, po-
526 INTERNATIONAL JOURNAL OF PLANT SCIENCES
This content downloaded from 140.160.178.072 on November 03, 2016 11:20:09 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
tassium, and sodium distributions were similar to that of iron
(data not shown).
Associated Microfossils
Pale chambered structures consistent with classification as
foraminifera (figs. 3, B5) were observed in unsieved acid mac-
erates together with multicellular peat moss–like fragments in
material collected and processed in 2012. Structural similari-
ties included tests occurring as straight or slightly curved pairs
or clusters of three chambers bearing surface particles. Color-
ation corresponded to Foraminiferal Colouration Index num-
ber 0, indicating thermal immaturity. Spherical or subspherical
unicellular microfossils that were likewise present in 2012 un-
sieved acid macerates and imaged with environmental SEM
(fig. B6) occurred in sizes (∼100–200 mm) consistent with eu-
karyotic affinities but lacked distinctive features allowing fur-
ther classification.
Discussion
Overview
This replicated study provides microfossil evidence for the
presence of plants having vegetative features distinctive for
sphagnopsid peat mosses (Crum and Anderson 1981) at 454–
455Ma.Multicellularmicrofossils interpreted as leaf fragments
displayed features diagnostic for vegetative Sphagnopsida, in-
cluding dimorphic cellular structure—wider porose cells with
annular wall thickenings arranged in a network with narrower
cells lacking these wall features. Multicellular remains inter-
preted as stem fragments displayed spiral ornamentation on outer
cell walls and other distinctive peat moss features. The newmul-
ticellular microfossils are consistent with well-known peat moss
recalcitrance properties that foster fossilization (Kroken et al.
1996) and recent diversification (molecular clock, timescale)
analyses that infer an age of 460–607Ma for the Sphagnopsida
Fig. 1 Representative multicellular organic fragments that resemble leaf or stem pieces of modern peat mosses. A, LM of putative leaf frag-
ment showing network of narrow cells lacking wall ornamentation and wider cells with conspicuous annular wall thickenings and wall pores.
Surface particles are abundant. Scale barp 50 mm. B, SEM of putative leaf microfossil showing conspicuous cell wall pores and annular thickenings.
Surface particles are abundant. Scale bar measurement included in SEM data. C, LM of putative stem microfossil. Pale central region surrounded by
translucent cells with spiral markings. Tissue stubs resemble leaf bases. Scale barp 100 mm.D, SEM of putative stem surface cells showing conspic-
uous spiral markings. Scale bar measurement included in SEM data.
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lineage (Laenen et al. 2014). Because meso- and macrofossils of
polysporangiophytes that possessed degradation-resistant tis-
sues had become well established by the late Silurian (Gensel
2008), the absence of degradation-resistant plant materials
other than peat moss–like remains argues against the possibil-
ity that Platteville carbonates had been infiltrated by Silurian-
Holocene materials.
The multicellular remains described here represent the oldest
vegetative remains of land plants reported to date and the oldest
fossils yet known that can confidently be linked with any mod-
ern plant group. The new microfossils also indicate that peat
moss–dominated peatlands, recognized for globally significant
roles in modern terrestrial biodiversity and C and N cycling
(Gorham 1991; Kip et al. 2010), were likely present hundreds
of millions of years earlier than previously thought.
Evidence for Antiquity of Peat Moss–Like Remains
Several lines of geological, biological, and chemical evidence
argue for antiquity of the peat moss–like multicellular remains
found in macerates of Ordovician carbonate.
1. The Platteville carbonate matrix, which is not a micro-
bialite (Mossler 1985), displays relatively low porosity and
horizontal hydraulic conductivity (Batten et al. 1999), features
indicating resistance to infiltration. Absence of materials char-
acteristic of post-Ordovician environments (e.g., pollen, diatoms,
polysporangiate plant remains) in macerates is consistent with
these matrix properties.
2. Themulticellular peatmoss–like remains co-occurredwith
spherical objects whose dimensions were similar to those of
acritarchs (presumed eukaryotes whose affinities are other-
wise unclear) known to occur in Ordovician limestones (Servais
et al. 2004). Co-occurring remains that were similar in size
and test structure to foraminifera previously described from the
Platteville Formation likewise provide expected extractives.Guts-
chick (1986) reported that only about 25 whole or fragmentary
specimens of the agglutinated foraminiferan Reophax were re-
covered from 10 kg or more of carbonate sampled from the
Platteville Formation. This frequency (∼2.5/kg) is similar to that
of the peat moss–like microfossils we found (∼2–3/kg). Similar
early types of foraminifera have been found in other Ordovician
deposits (e.g., Moreman 1930; Nestell et al. 2009).
3. The pale color of the Platteville foraminifera and multi-
cellular mosslike remains is consistent with an interpretation
of thermal immaturity, indicating that these materials had ex-
perienced similar low thermal environments. The sampled locale
occurs at the extreme western edge (Deininger 1964) of a region
of carbonates reportedly influenced by hydrothermal dolomiti-
zation centered in the Michigan Basin (Luczaj 2006) and there-
fore less likely to have been heated.
4. Color (pale vs. dark brown) and structural (small mono-
stromatic fragments vs. larger crumpled conglomerates) differ-
ences indicate that the multicellular remains we extracted from
carbonates are unlikely to represent contamination by modern
commercial or natural peat. The comparison also suggests that
the Platteville peat moss–like microfossils did not originate from
long-buried peat but rather from living antecedents.
5. Absence of cellular contents, absence of evidence for epi-
bionts, and presence of coatings of silica-rich particulates were
features of the multicellular remains inconsistent with origin
from modern peat mosses. The latter display cellular contents,
epibiontic microorganisms within porose hyaline cells (Hingley
1993), and smooth outermost surfaces when imaged by SEM.
6. Reduced levels of autofluorescenceof peatmoss–likemicro-
fossils by comparison to fresh peat moss and similarity of fossil
autofluorescence to that of old (1150 yr) peat moss herbarium
specimens indicate origin from ancient materials that retained
some degree of autofluorescence over long time periods.Organic
cellwalls of thermally immatureNeoproterozoic andEarlyCam-
brian acritarchs (such as Tasmanites) are likewise known to re-
tain autofluorescence in UV excitation (Talyzina 1998; Arouri
et al. 2000). If Tasmanites and similar autofluorescent acri-
tarchs represent degradation-resistant phycoma stages of early-
divergent green algae, as is commonly thought (Graham et al.
2015), it is possible that similar chemical features are responsi-
ble for the persistent autofluorescence properties of such acri-
tarchs and the pale peat moss–like microfossils described here.
Gloeocapsamorpha prisca (aka Gloeocapsomorpha prisca), of
widespread occurrence in Ordovician deposits (including the
Platteville Formation; Pancost et al. 1998) and an important
source of Ordovician oil deposits (Kukersite-type source rock;
YongGe et al. 2013), though of uncertain taxonomic affinity,
is likewise commonly autofluorescent (Obermajer et al. 1999),
a property attributed to presence of phenolic polymer (Derenne
et al. 1991; Versteegh and Blokker 2004). Retention of some de-
gree of autofluorescence by thermally immature Ordovician peat
moss–like multicellular fragments is therefore not surprising,
particularly in light of our evidence that herbarium specimens
of two peat moss species collected 1150 yr ago display similar
autofluorescence.
7. Silica-rich particle coatings on mosslike microfossils and
coeval arenaceous, aggregated foraminifera (e.g., Gutschick
1986) are consistent with relatively high silica concentrations
(at least 110 mg/L SiO2 characteristic of Cambrian–Early Cre-
taceous oceans); by contrast, modern oceans tend toward Si
depletion in consequence of the emergence of diatoms in the
Cretaceous (Grenne and Slack 2003). The surfaces of modern
Table 1
Comparative Biometrics of the Wider Cell Type in Leaflike Microfossil Fragments Extracted
from Ordovician Platteville Formation Carbonates in 2000 versus 2012
2000 (mean 5 1 SE) 2012 (mean 5 1 SE) t df P
Cell length (mm) 212 5 5.36 220 5 8.50 21.09 5 .391
Cell width (mm) 45.5 5 2.43 52.5 5 2.33 21.49 5 .275
No. annular wall fibrils per cell 9.59 5 1.54 11.9 5 .90 21.46 5 .281
No. wall pores per cell 4.50 5 .53 3.27 5 .64 1.82 5 .210
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peatmosses prepared and imaged similarly lacked equivalent ad-
herent particulates, consistent with low Si concentrations known
for peat moss–dominated wetlands (Bendell-Young 2003).
8. Carbon, oxygen, and phosphorus mapping with EDS in-
dicated the organic nature of the peat moss–like fragments,
and EDS mapping also demonstrated association of the peat
moss–like multicellular microfossils with iron, which is known
to promote the preservation of organic matter in sediments,
shielding it from microbial degradation (Lalonde et al. 2012).
Surfaces of microfossils resembling peat moss leaf and stem
fragments also displayed ions (Ca, Na, K, and Cl) that would
be expected to occur in association with marine fossil remains,
but not modern peat mosses, which occur in terrestrial wetland
systems of low Fe and other mineral content (Bendell-Young
2003). Together, these observations indicate that the peat moss–
like Ordovician remains are unlikely to represent contamina-
tion by younger materials.
Evolutionary Significance of Ordovician
Peat Moss–Like Microfossils
The peat moss–like fossils described here add new depth to
Pre-Wenlock (Late Silurian) plant history that until now largely
consisted of reproductive structures: spores or spore-like ob-
jects known as cryptospores and putative sporangial epider-
mis (Gray et al. 1982; Strother et al. 1996; Wellman et al.
2003, 2015; Steemans et al. 2009; Rubinstein et al. 2010). Veg-
etative aspects of the plants that produced these reproductive
structures and their relationships to modern lineages have been
unclear, though a trilete mark on certain Late Ordovician
spores has been regarded as evidence for vascular plant prove-
nance, since bryophytes generally lack such spore ornamen-
tation (Steemans et al. 2009; Wellman et al. 2015). In this re-
gard, the peat mosses are interesting exceptions because their
spores display a true trilete region where the spore wall is thin-
ner than elsewhere and other distinctive spore ornamentation
(Brown et al. 1982, 2015; Cao and Vitt 1986). These con-
siderations indicate that the surface structure of trilete Ordovi-
cian spores might be compared in more detail with those of
modern peat mosses, whose spore surface variability is well un-
derstood. For example, spore ornamentation has been sur-
veyed in 87 peat moss populations representing 33 Sphagnum
species (Cao and Vitt 1986). The new fragmentary but distinc-
tive vegetative remains described here are consistent with an ear-
lier interpretation (Kroken et al. 1996) of a Caradocian (ending
in themid-Katian) cellular sheet (Gray et al. 1982) as a fragment
of peat moss sporangial epidermis because these materials dis-
played similar color, cell patterning, and recalcitrance attributes.
Additional remains of this type might ultimately be found inOr-
dovician deposits that are rich in spore remains.
Figure 1 of Jin et al. (2013) and figure 10 of Cocks and
Torsvik (2011) suggest that the site from which the newly dis-
covered peat moss–like remains were obtained was located ap-
proximately 107 south of the equator. Warm, humid climatic
conditions at this latitude (and significantly higher than pres-
ent atmospheric CO2 levels) would seem optimal for the growth
and spread of early land plants. The wide physiological toler-
ances displayed by the modern peat mosses, including occur-
rence in modern tropical, subpolar, and other environments
(Rydin and Jeglum 2006; Yao et al. 2009), may explain how
peat mosses persisted through periods of widespread glaciation
occurring in theHirnantian and other times of extreme environ-
mental conditions into milder modern conditions. Early adap-
tation to tropical conditions might also help to explain why
modern peat moss productivity and persistence seem relatively
unaffected by environmental warming (Lang et al. 2012).
Fig. 2 Energy-dispersive X-ray spectroscopy. A, Carbon map of
typical multicellular microfossil of the leaf fragment type showing cor-
respondence with cell walls, including annular wall projections present
on wider cells. B, Silicon map showing correspondence with many of
the particles associated with microfossil surfaces. C, Iron map showing
comparatively homogenous distribution. Scale bar measurements in-
cluded in SEM data.
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Comparison of Ordovician Microfossils to
Later Peat Moss–Like Remains
Triassic Sphagnophyllites from India—described as having
acostate oblong leaves with darker cells forming a meshwork
around hyaline regions—was classified by theseworkers into the
order Sphagnales (Pant and Basu 1976). The order Protosphag-
naleswas erected for fossils fromPermian deposits inRussia that
display leaf cell dimorphism as well as a leaf midvein (costa;
Neuberg 1956, 1960). Protosphagnales currently includes the
genera Protosphagnum, Intia, Kosjunia, Vorcutannularia, and
Jungagia, differentiated by leaf developmental patterns (Maslova
et al. 2012). Some remains found in bulk macerations of Missis-
sippian (Carboniferous) shales displayed features in commonwith
peat mosses, though investigators deemed the plant fragments
too small for detailed classification (Hübers and Kerp 2012).
The Ordovician remains reported here were too fragmentary
to determine whether a midvein (costa) might have been pres-
ent. Even so, the remains seem appropriately classified with
Sphagnopsida. Such a classification is consistent with recent di-
versification time analyses involving hundreds of Sphagnum
accessions and multiple parameter assumptions, which indi-
cated that the ancestors of the modern Sphagnopsida were sig-
nificantly older (460–607 Ma; Laenen et al. 2014) than the
Ordovicianmicrofossils described here (455–454Ma). Themo-
lecular data suggest that Sphagnopsida existed at least 5 Ma
before the formation of the deposits in which peat moss–like
remains were found and probably longer. These time periods
seem long enough to allow populations to spread and become
abundant enough to leave remains in the fossil record.
Together, the microfossil and molecular diversification data
indicate that microanatomical and morphological characteris-
tics of the peat moss vegetative body may have been conserved
over hundreds of millions of years. Long-term vegetative struc-
ture conservationhas beennoted for a number of other plant gen-
era, notably, the archaic pteridophyte genus Equisetum, whose
distinctive features have been conserved for more than 150 Ma
(Channing et al. 2009; Stanich et al. 2009; Husby 2013). Peat
mosses may likewise represent a structurally archaic lineage.
How a Long-Lived Peat Moss Genus Might
Influence Ecosystems over Time
Features of the Ordovician peat moss–like microfossils re-
ported here suggest strong structural similarity to the modern
genus Sphagnum and close relatives (Shaw et al. 2010a), which
display efficient N uptake (Fritz et al. 2014), mixotrophic ca-
pacity (Graham et al. 2010), structural adaptation to changes in
temperature and UV conditions (Cardona-Correa et al. 2015b),
light-directed gametophytic growth response enabling reorienta-
tion after disturbance (Cardona-Correa et al. 2015a), benefi-
cial interactions with microorganisms (Bragina et al. 2014), ca-
pacity for rapid asexual propagation leading to the ability to
dominate large landscape areas, and effective sexual dispersal
(Whitaker and Edwards 2010) occurring on a continental to in-
tercontinental scale (Sundberg 2013). If ancestral peat mosses
likewise possessed these characteristics, persistence for hun-
dreds of millions of years to the present day seems understand-
able and effects on past ecosystems inferable.
One major ecosystem service that modern peat mosses pro-
vide is fostering the biodiversity of several groups of organ-
isms whose lineages almost certainly predate the Ordovician:
bacteria (including cyanobacteria; e.g., Bragina et al. 2014),
photosynthetic protists such as the green streptophyte algae
Zygnematales and Desmidiales that today are most diverse in
Sphagnum-dominated peatlands (Graham et al. 2015), and ar-
cellinid amoebozoa (Fiz-Palacios et al. 2014). Although the lat-
ter authors assumed that Sphagnum-dominated peatlands arose
in theMiocene during the radiation of current peat moss species
diversity (Shaw et al. 2010b), peat mosses might actually have
been abundant much earlier, indicated by the evidence pre-
sented here as well as Triassic, Permian, and Carboniferous re-
mains that display some features similar to modern Sphagnop-
sida. If so, ancient peat moss–dominated environments might
have fostered biodiversity of bacteria and protists since the Or-
dovician and later pteridophyte, gymnosperm, angiosperm, and
invertebrate groups that today favor peatlands dominated by
peat mosses. Likewise, if peat mosses are as old as molecular di-
versification (Laenen et al. 2014) and the present fossil evidence
indicate, peatlands might have influenced Earth’s atmospheric
chemistry and climate since the mid-Ordovician, as suggested
by modeling studies based on physiological features of modern
mosses (Graham et al. 2004; Lenton et al. 2012).
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Appendix A
Voucher Deposition
Permanent slide mounts of representative peat moss–like micro-
fossils are deposited at the University ofWisconsin–MadisonGe-
ology Museum, 1215 West Dayton Street, Madison, Wisconsin
53706.
Fig. 3 Representative early-type multichambered foraminifera-like
microfossil found with peat moss–like fragments. Pale color provides
evidence for thermal immaturity of organic materials in the sampled de-
posit. Scale barp 25 mm.
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Appendix B
Supplemental Figures
Fig. B1 Additional examples of pale multicellular Ordovician microfossils interpreted as fragments of leaves or stem of a peat moss–like
early land plant. A–F, Leaflike fragments consistently displayed wider and narrower cells arranged in a monostromatic network, absence of cell
contents and epibiota, and consistent presence of surface mineral particles. B, Enlargement of microfossil shown in A. G, Microfossil interpreted
as stem fragment showing yellowish core surrounded by colorless tissue. Scale bars: A p 150 mm; B, C p 50 mm; D–G p 100 mm.
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Fig. B2 Commercial peat samples viewed by LM after treatment with HCl. A, B, Materials were consistently deeply colored, a feature
distinguishing them from actively growing peat moss tissues as well as multicellular microfossils described from Ordovician carbonates. HCl-
treated peat samples showed no evidence of abundant surface mineral particles.
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Fig. B3 Epifluorescence of microfossil leaflike fragments compared to that of peat moss leaves from fresh and 1150-yr-old herbarium
specimens. A, Epifluorescence of representative microfossil leaf fragment in violet excitation. No fluorescence evidence for epibionts. Scale barp
50 mm. B, Epifluorescence of representative leaflike fragment in UV excitation. No fluorescence evidence for epibionts. Scale barp 50 mm.C, Bright
yellow-green epifluorescence of representative older (nongreen) leaf of fresh Sphagnum fimbriatum in violet excitation. Note red fluorescence of
photosynthetic epibionts. Scale bar p 100 mm. D, Comparatively bright blue-white epifluorescence of representative older (nongreen) leaf of
fresh S. fimbriatum in UV excitation. Note red fluorescence of photosynthetic epibionts. Scale barp 100 mm. E, Epifluorescence in violet excita-
tion of a leaf from a herbarium specimen of Sphagnum squarrosum collected from the Penokee Iron Range near Lake Superior by I. A. Lapham
in 1858. Scale bar p 100 mm. F, Epifluorescence in UV excitation of the same specimen shown in E. G, Epifluorescence in violet excitation of
the base of a leaf of Sphagnum wulfianum from a herbarium specimen collected from the Penokee Iron Range in 1858 by I. A. Lapham. Scale
barp 100 mm. H, Epifluorescence in UV excitation of the same specimen described in G. Scale barp 100 mm.
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Fig. B4 SEM views of surfaces of modern Sphagnum fimbriatum leaves sampled from nature. A, Note cells with conspicuous cell wall pores,
a feature diagnostic for peat mosses that was shared with multicellular microfossils. B–D, Although epibiontic microbes may be present on sur-
faces of modern peat mosses, including the inner walls of porose cells, abundant mineral particles such as those observed on multicellular micro-
fossils were not present. Scale bar measurements included in SEM data.
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Fig. B5 Bright-field images of representative foraminifera-like microfossils associated with Ordovician multicellular remains. Overall form
and dimensions were consistent with chambered agglutinated foraminifera previously reported for the Platteville Formation (Gutschick 1986). Pale
color indicates low thermal maturity, i.e., that organic materials had not been much heated after deposition. Scale bars: Ap 50 mm; Bp 5 mm;
C, Dp 10 mm; Ep 7.5 mm.
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Fig. B6 Environmental SEM views of representative acritarch-like microfossils associated with Ordovician multicellular remains. Dimensions
indicate eukaryotic affinities. Scale bar measurements included in SEM data.
Literature Cited
Arouri KR, PF Greenwood, MR Walter 2000 Biological affinities of
Neoproterozoic acritarchs from Australia: microscopic and chemi-
cal characterization. Org Biochem 31:75–89.
Barnes CR 2004 Ordovician oceans and climate. Pages 296–311 in
BD Webby, F Paris, ML Droser, IG Percival, eds. The great Ordovi-
cian biodiversification event. Columbia University Press, New York.
Batten WG, DJ Yeskis, CP Dunning 1999 Hydrological properties of
the Ordovician Group at test well BN-483, Better Brite Superfund
Site, DePere, Wisconsin. Water Resources Investigation Report 99-
4199. US Department of the Interior, US Geological Survey, Wash-
ington, DC.
Bendell-Young L 2003 Peatland interstitial water chemistry in relation
to that of surface pools along a peatland mineral gradient. Water Air
Soil Pollut 143:363–375.
Blome CD, NRAlbert 1985 Carbonate concretions: an ideal sedimen-
tary host for microfossils. Geology 13:212–215.
Bragina A, L Oberauner-Wappis, C Zachow, B Halwachs, GC Thal-
liner, H Müller, G Berg 2014 The Sphagnum microbiome supports
bog ecosystem functioning under extreme conditions. Mol Ecol 23:
4498–4510.
Brown RC, BE Lemmon, ZB Carothers 1982 Spore wall development
in Sphagnum lescurii. Can J Bot 60:2394–2409.
Brown RC, BE Lemmon, M Shimamura, JC Villarreal, KS Renzaglia
2015 Spores of relictual bryophytes: diverse adaptations to life on
land. Rev Palaeobot Palynol 216:1–17.
Byers CW, LE Stasko 1978 Trace fossils and sedimentologic inter-
pretation: McGregor member of Platteville Formation (Ordovician)
of Wisconsin. J Sed Res 48:1303–1309.
536 INTERNATIONAL JOURNAL OF PLANT SCIENCES
This content downloaded from 140.160.178.072 on November 03, 2016 11:20:09 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
Campbell SE 1980 Palaeoconchocelis starmachii, a carbonate boring
microfossil from the Upper Silurian of Poland (425million years old):
implications for the evolution of the Bangiaceae (Rhodophyta). Phy-
cologia 19:25–36.
Cao T, DH Vitt 1986 Spore surface structure of Sphagnum. Nova
Hedwigia 43:191–220.
Cardona-Correa C, A Ecker, LE Graham 2015a Direction of illumi-
nation controls gametophyte orientation in seedless plants and re-
lated algae. Plant Signal Behav 10:e1051277. doi:10.1080/15592324
.2015.1051277.
Cardona-CorreaC, JMGraham, LEGraham 2015b Anatomical effects
of temperature and UV-A1UV-B treatments and temperature-UV in-
teractions in the peatmoss Sphagnum compactum. Int J Plant Sci
176:159–169.
Chang Y, S Wang, S Sekimoto, A Aerts, C Choi, A Clum, K LaButti,
et al 2015 Phylogenomic analyses indicate that early fungi evolved
digesting cell walls of algal ancestors of land plants. Genome Biol
Evol 7:1590–1601. doi:10.1093/gbe/evv090.
Channing A, A Zamuner, D Edwards, D Guido 2009 Equisetum
thermale sp. nov. (Equisetales) from the Jurassic SanAgustin hot spring
deposit, Patagonia: anatomy, paleoecology, and inferred paleoeco-
physiology. Am J Bot 98:680–697.
Choi YS 1998 Sequence stratigraphy and sedimentology of the middle
to upper Ordovician Ancell and Sinnipee Groups, Wisconsin. PhD
diss. University of Wisconsin, Madison.
Clarke JT, RCMWarnock, PCJ Donoghue 2011 Establishing a time-
scale for plant evolution. New Phytol 192:266–301.
Cocks LRM, TH Torsvik 2004 Major terranes in the Ordovician.
Pages 258–281 in BD Webby, F Paris, ML Droser, IG Percival,
eds. The great Ordovician biodiversification event. Columbia Uni-
versity Press, New York.
——— 2011 The Palaeozoic geography of Laurentia and western
Laurussia: a stable craton with mobile margins. Earth-Sci Rev 160:
1–51.
Crum H, LE Anderson 1981 Mosses of eastern North America. Co-
lumbia University Press, New York.
Deininger RS 1964 Limestone-dolomite transition in the Ordovi-
cian Platteville Formation inWisconsin. J Sedimentol Petrol 34:281–
288.
Delwiche CF, LE Graham, N Thomson 1989 Lignin-like compounds
and sporopollenin in Coleochaete, an algal model for land plant
ancestry. Science 245:399–401.
Derenne S, P Metzger, C Largeau, PF Van Bergen, JP Gatellier, JS
Sinninghe Damsté, LW De Leeuw, C Berkaloff 1991 Similar mor-
phological and chemical variations of Gloeocapsomorpha prisca in
Ordovician sediments and cultured Botryococcus braunii as a re-
sponse to changes in salinity. Org Geochem 19:299–313.
Dott RH Jr, JW Attig 2004 Roadside geology of Wisconsin. Moun-
tain, Missoula, MT.
Fiz-Palacios O, BS Leander, TJ Heger 2014 Old lineages in a new
ecosystem: diversification of arcellinid amoebae (Amoebozoa) and
peatland mosses. PLoS ONE 9:e05238.
Fritz C, LPM Lamers, M Riaz, LJL van den Berg, TJTM Elzenga
2014 Sphagnum mosses: masters of efficient N-uptake while avoid-
ing intoxication. PLoS ONE 9:e79991.
Gensel PG 2008 The earliest land plants. Annu Rev Ecol Evol Syst
39:459–477.
Gorham E 1991 Northern peatlands: role in the carbon cycle and
probable responses to climate warming. Ecol Appl 1:182–195.
Graham LE, JM Graham, LWWilcox, ME Cook 2015 Algae. LJLM,
Madison, WI.
Graham LE, E Kim, P Arancibia-Avila, JM Graham, L Wilcox 2010
Evolutionary and ecophysiological significance of sugar utilization
by the peat moss Sphagnum compactum (Sphagnaceae) and the
common charophycean associates Cylindrocystis brebissonii and
Mougeotia sp. (Zygnemataceae). Am J Bot 97:1485–1491.
Graham LE, RB Kodner, MM Fisher, JM Graham, LW Wilcox, JM
Hackney, J Obst, PC Bilkey, DT Hanson, ME Cook 2004 Early
land plant adaptations to terrestrial stress: a focus on phenolics.
Pages 155–169 in AR Hemsley, I Poole, eds. The evolution of plant
physiology. Elsevier Academic, San Diego, CA.
Gray J, DMassa, AJ Boucot 1982 Caradocian land plant microfossils
from Libya. Geology 10:197–201.
Grenne T, JF Slack 2003 Paleozoic andMesozoic silica-rich seawater:
evidence from hematitic chert (jasper) deposits. Geology 31: 319–
322.
Gutschick RC 1986 Middle Ordovician agglutinated foraminifera
including Reophax from the Mifflin Formation, Platteville Group
of Illinois. J Paleontol 60:233–248.
Hingley M 1993 Microscopic life in Sphagnum. Richmond, Slough.
Hübers M, H Kerp 2012 Oldest known mosses discovered in Missis-
sippian (late Visean) strata of Germany. Geology 40:755–758.
Husby C 2013 Biology and functional ecology of Equisetumwith em-
phasis on the giant horsetails. Bot Rev 79:147–177.
Jin J, DAT Harper, LRM Cocks, PJA McCausland, CMØ Rasmus-
sen, PM Sheehan 2013 Precisely locating the Ordovician equator
in Laurentia. Geology 41:107–110.
Kip N, JF van Winden, Y Pan, L Bodrossy, GJ Reichart, AJP
Smolders, MSM Jetten, JS Sinninghe-Damsté, HJM Op den Camp
2010 Global prevalence of methane oxidation by symbiotic bacte-
ria in peat-moss ecosystems. Nat Geosci 3:617–621.
Knack JJ, LW Wilcox, P-M Delaux, J-M Ané, MJ Piotrowski, ME
Cook, JM Graham, LE Graham 2015 Microbiomes of strepto-
phyte algae and bryophytes suggest that a functional suite of micro-
biota fostered plant colonization of land. Int J Plant Sci 176:405–
420.
Kroken SB, LE Graham, ME Cook 1996 Occurrence and evolution-
ary significance of resistant cell walls in charophytes and bryophytes.
Am J Bot 83:1241–1254.
Laenen B, B Shaw, H Schneider, B Goffinet, E Paradis, A Désamoré,
J Heinrichs, et al 2014 Extant diversity of bryophytes emerged from
successive post-Mesozoic diversification bursts. Nat Comm 5:5134.
doi:10.1038/ncomms6134.
Lalonde K, A Mucci, A Ouellet, Y Gélinas 2012 Preservation of or-
ganic matter in sediments promoted by iron. Nature 198:198–200.
Lang SI, JHC Cornelissen, GR Shaver, M Ahrens, TV Callaghan,
U Molau, CJF Ter Braak, A Holzer, R Aerts 2012 Arctic warming
on two continents has consistent negative effects on lichen diversity
and mixed effects on bryophyte diversity. Global Change Biol 18:
1096–1107.
Lenton TM, M Crouch, M Johnson, N Pires, L Dolan 2012 First
plants cooled the Ordovician. Nat Geosci 5:86–89.
Luczaj JA 2006 Evidence against the Dorag (mizing-zone) model for
dolomitization along the Wisconsin Arch: a case for hydrothermal
diagenesis. AAPG Bull 90:1719–1738.
Maslova EV, YV Mosseichik, IA Ignatiev, OV Ivanov, MS Ignatov
2012 On the leaf development in Paleozoic mosses of the order
Protosphagnales. Arctoa 21:241–264.
McNeil DH, DR Issler, LE Snowdon 1996 Colour alteration, thermal
maturity, and burial diagenesis in fossil foraminifera. Geol Surv Can
Bull 499.
Moreman WL 1930 Arenaceous foraminifera from Ordovician and
Silurian limestones of Oklahoma. J Paleontol 4:42–59.
Mossler JH 1985 Sedimentology of the Middle Ordovician Platteville
Formation Southeastern Minnesota. Minnesota Geological Survey
Report of Investigations 33. University of Minnesota, St. Paul.
Nestell GP, A Mestre, S Heredia 2009 First Ordovician foramini-
fera from South America: a Darriwilian (Middle Ordovician) fauna
from the San Juan Formation, Argentina. Micropaleontology 55:
329–344.
Neuberg MF 1956 Discovery of leafy moss shoots in the Permian
deposits of the USSR. Doklady Akad Nauk 107:321–324.
CARDONA-CORREA ET AL.—ORDOVICIAN MOSS REMAINS 537
This content downloaded from 140.160.178.072 on November 03, 2016 11:20:09 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
——— 1960 Leafy mosses from the Permian deposits of Angarida.
Trudy Geol Instit Leningrad 19:1–104.
Nielsen AT 2004 Ordovician sea level changes: a Baltoscandian per-
spective. Pages 338–375 in BD Webby, F Paris, ML Droser, IG
Percival, eds. The great Ordovician biodiversification event. Co-
lumbia University Press, New York.
Obermajer M, MG Fowler, LR Snowdon 1999 Depositional envi-
ronment and oil generation in Ordovician source rocks from south-
western Ontario, Canada: organic geochemical and petrological
approach. AAPG Bull 83:1426–1453.
Pancost RD, KH Freeman, ME Patzkowsky, DA Wavrek, JW Col-
lister 1998 Molecular indicators of redox and marine photoauto-
troph composition in the late Middle Ordovician of Iowa, U.S.A.
Org Geochem 29:1649–1662.
Pant DD, N Basu 1976 On two structurally preserved bryophytes
from the Triassic of Nidpur, India. Paleobotanist 25:340–349.
Parfrey LW, DJG Lahr, AH Knoll, LA Katz 2011 Estimating the
timing of early eukaryotic diversification with multigene molecular
clocks. Proc Natl Acad Sci USA 108:13624–13629.
Redecker D, R Kodner, L Graham 2000 Glomalean fungi from the
Ordovician. Science 289:1920–1921.
Redecker D, A Schüssler 2014 Glomeromycota. Pages 251–279 in
DJ McLaughlin, JW Spatafora, eds. Systematics and evolution. Vol 7,
pt A. The Mycota. Springer, Berlin.
Ross CA, JRP Ross 1995 North American Ordovician depositional
sequences and correlations. Pages 309–314 in JDCooper,MLDroser,
SF Finney, eds. Ordovician odyssey: short papers for the Seventh
International Symposium on the Ordovician System. Society for Sed-
imentary Geology, Pacific Section, Fullerton, CA.
Rubinstein CV, P Gerrienne, P De La Puente, RA Astini, P Steemans
2010 EarlyMiddle Ordovician evidence for land plants in Argentina
(eastern Gondwana). New Phytol 188:365–369.
Rydin H, J Jeglum 2006 The biology of peatlands. Oxford University
Press, Oxford.
Servais T, J Li, L Stricanne, M Vecoli, R Wicander 2004 Acritarchs.
Pages 1380–1437 in BD Webby, F Paris, ML Droser, IG Percival,
eds. The great Ordovician biodiversification event. Columbia Uni-
versity Press, New York.
Shaw AJ, CJ Cox, WR Buck, N Devos, AM Buchanan, L Cave,
R Seppelt, et al 2010a Newly resolved relationships in an early land
plant lineage: BryophytaClass Sphagnopsida (peatmosses). Am J Bot
97:1511–1531.
Shaw AJ, N Devos, CJ Cox, SB Boles, B Shaw, AM Buchanan,
L Cave, R Seppelt 2010b Peatmoss (Sphagnum) diversification as-
sociated with Miocene Northern Hemisphere climatic cooling? Mol
Phylogenet Evol 55:1139–1145.
Sørensen I, FA Pettolino, A Bacic, J Ralph, F Lu, MA O’Neill, Z Fei,
JKC Rose, DS Domozych, WGT Willats 2011 The charophycean
green algae provide insights into the early origins of plant cell walls.
Plant J 68:201–211.
Stanich NA, GW Rothwell, RA Stockey 2009 Phylogenetic radiation
of Equisetum (Equisetales) as inferred by Lower Cretaceous species
from British Columbia, Canada. Am J Bot 96:1289–1299.
Steemans P, A Le Hérissé, J Melvin, MA Miller, F Paris, J Verniers,
CH Wellman 2009 Origin and radiation of the earliest vascular
land plants. Science 324:353.
Strother PK, S Al-Hajri, A Traverse 1996 New evidence for land plants
from the lower Middle Ordovician of Saudi Arabia. Geology 24:55–
58.
Sundberg S 2013 Spore rain in relation to regional sources and be-
yond. Ecography 36:364–373.
TalyzinaNM 1998 Fluorescence intensity in Early Cambrian acritarchs
from Estonia. Rev Palaeobot Palynol 100:99–108.
Tomescu AMF, LM Pratt, GW Rothwell, PK Strother, GC Nadon
2009 Carbon isotopes support the presence of extensive land floras
pre-dating the origin of vascular plants. Palaeogr Palaeoclimatol
Palaeoecol 283:46–59. doi:10.1016/j.palaeo.2009.09.002.
Trotter JA, IS Williams, CR Barnes, C Lécuyer, RS Nicoll 2008 Did
cooling oceans trigger Ordovician biodiversity? evidence from co-
nodont thermometry. Science 321:550–554.
Versteegh GJM, P Blokker 2004 Resistant macromolecules of extant
and fossil microalgae. Phycol Res 52:325–339.
Wellman CH, PL Osterloff, U Mohiuddin 2003 Fragments of the ear-
liest land plants. Nature 425:282–285.
Wellman CH, P Steemans, MA Miller 2015 Spore assemblages from
Upper Ordovician and lowermost Silurian recovered from the
Qusaiba-1 shallow core hole, Qasim region, central Saudi Arabia.
Rev Palaeobot Palynol 212:111–126.
Westphal H, A Munnecke 1997 Mechanical compaction versus early
cementation in fine-grained limestones: differentiation by the preser-
vation of organic microfossils. Sediment Geol 112:33–42.
Whitaker DL, J Edwards 2010 Sphagnummoss disperses spores with
vortex rings. Science 329:406.
Yao TL, S Kamarudin, MY Chew, R Kiew 2009 Sphagnum bogs of
Kelantan, Peninsular Malaysia. Blumea 54:139–141.
Yin Z, M Zhu, EH Davidson, DJ Bottjer, F Zhao, P Tafforeau 2015
Sponge grade body fossil with cellular resolution dating 60 Myr be-
fore the Cambrian. Proc Natl Acad Sci USA 112:e1453–e1460.
YongGe S, SY Mao, FY Wang, PA Peng, PX Chai 2013 Identifica-
tion of the Kukersite-type source rocks in the Ordovician stratig-
raphy from the Tarim Basin, NW China. Chin Sci Bull 58:4450–
4458.
538 INTERNATIONAL JOURNAL OF PLANT SCIENCES
This content downloaded from 140.160.178.072 on November 03, 2016 11:20:09 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
